ABSTRACT Caulobacter crescentus assembles a single polar flagellum from protein components synthesized at a specific time in the cell cycle. Of the 26 genes required for flagellum production, at least 4 of them-flaY, E, F, and G-map together in a single cluster. We have isolated DNA from this region of the chromosome by using a nonmotile mutant with a Tn5 insertion into flaE. C. crescentus DNA carrying the Tn5-flaE region and adjacent sequences was cloned into pBR325 and selected by transposon-encoded kanamycin resistance. The resulting plasmid was used as a probe to isolate the flaE region from a wild-type gene bank and to determine the chromosomal location of several deletion and insertion mutations within the flaY/E/F/G cluster. At least three promoters and three major transcripts were shown to originate from the cloned gene cluster. The role of these genes in flagellar biogenesis was examined by immunoprecipitation of mutant cell extracts with antiflagellin antibody. Deletions extending rightward into this gene cluster eliminated one of the two flagellin proteins normally synthesized by C. crescentus. Mutations mapping to the left permitted synthesis of both normal flagellins but at significantly decreased levels. These results suggest that the leftward end of this cluster contains a region that may function in a regulatory capacity whereas the rightward end may contain sequences overlapping a flagellin structural gene.
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Caulobacter crescentus differentiates surface structures during each cell cycle (for review see ref. 1) . The transient swarmer cell bears a single polar flagellum composed ofa basal complex, a hook, and the flagellar filament which contains two distinct flagellins, A (25,000 daltons) and B (27,500 daltons) (2) (3) (4) (5) . The flagellum is present for a limited period of the cell cycle, and its biogenesis provides an example of spatially and temporally controlled gene expression that can be studied easily.
Johnson and Ely (6) have defined 26 linkage groups that are required for the biosynthesis ofa functional flagellum. Although both regulatory genes and genes encoding flagellar structural components presumably are represented among these linkage groups, the precise role of any one of them in flagellum biogenesis is not known. Four of these genes, flaY, E, F, and G, map within a single region of the chromosome and are linked by generalized transduction (6) . Recent genetic analyses (D. Hodgson, personal communication) have revealed that a large number of membrane and motility mutations are closely linked by conjugation to the flaY/E/F/G region of the C. crescentus chromosome.
To isolate genes responsible for flagellum formation, we are using a cloning strategy that depends solely on having a Tn5 insertion which results in the inactivation of a step in flagellar synthesis or assembly. The restricted DNA of a mutant is recovered in kanamycin-resistant transformants of Escherichia coli. Because Tn5 insertions occur randomly on the C. crescentus chromosome and are stable once inserted (7), this method permits the relatively simple isolation of any DNA sequence that is linked to the transposable element. By using the DNA ofaflaE: :Tn5 mutant, SC1062, we have (a) isolated a gene segment containing theflaE chromosomal region and adjacent sequences which can be used to determine the function of this locus and (b) obtained a probe that can be used to map this developmentally important region physically and "to walk" to adjacent loci.
We report here the isolation of the SC1062flaE: :Tn5 clone pMP7 and its CB13 wild-type homolog pA8. We describe the physical maps of these clones, demonstrate that they encode both in vitro and in vivo transcripts, and describe the location and extent of deletions and insertions found in a group of nine mutants. The possible roles of the flaY/E/F/G chromosomal region were analyzed by using immunoprecipitation with antiflagellin antibody to determine the species and relative amounts of flagellins synthesized in these mutants. (12) and used to transform E. coli HB101 (13) . Transformants containing the Tn5 insert were selected by growth on LB plates containing kanamycin (20 ,ug/ml) and ampicillin (100 Ag/ml).
MATERIALS
The plasmid pA8, containing the insert from the AWES: :CB13 AA8 phage, was obtained by ligating EcoRI-digested AA8 DNA Abbreviation: kb, kilobase(s). t To whom reprint requests should be addressed.
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6798 Biochemistry: Purucker et al. and pBR325 DNA. The ligation mixture was used to transform E. coli HB101 (13 (12), transforming E. coli, and selecting for transformants resistant to kanamycin, ampicillin, and tetracycline and sensitive to chloramphenicol. A restriction map of one ofthe Tn5-containing clones, pMP7, is shown in Fig. 2A .
The orientation of the Tn5 element within the cloned region was deduced by an analogous cloning experiment in which BamHI-digested SC1062 DNA was cloned into the vector pBR325. BamHI cleaves once within Tn5 but does not destroy the kanamycin-resistance gene (17) . The 3.7-kb clone pPB5 obtained by this procedure oriented Tn5 as depicted in Fig. 2A . The pPB5 clone carrying sequences from SC1062 was then used as a probe to recover the homologous wild-type sequences from another C. crescentus strain, CB13. This clone, termed pA8, was shown to hybridize to pMP7 and to chromosomal blots of C. crescentus CB15 and its derivative SC1062 as well as to the parent CB13 strain (Fig. 1B) .
When nick-translated pMP7 was used as a probe against an EcoRI digest of the wild-type CB15 chromosomal DNA, major hybridization occurred to a 10.0-kb fragment in addition to fragments of 17 and 6.6 kb (Fig. 1C) . The 10-kb fragment detected in CB15 differed in size from that found in SC1062 by the equivalent ofthe length ofthe Tn5 element, supporting the idea that the transposon had mutagenized its host by a linear insertion into its DNA and not through any gross DNA rearrangements. The additional regions of homology in the CB15 chromosome to the pMP7 probe, the 17.0-and 6.6-kb fragments, were not seen when SC1062 was probed with ATn5 (Fig. 1A) . That these two bands are regions of homology to pMP7 and not the products of partial digestions is supported by the fact that they are identical in size whether detected in deletion or insertion mutant DNA or within wild-type DNA (Fig. 1C) . Hybridization analyses using subcloned regions ofthe pMP7 probe localized the reiterated homology to the rightmost subclone, pSP3 (data not shown). Analogously, the rightmost subclone of pA8, pS6, was solely responsible for the two additional regions of homology with both CB13 and CB15 chromosomal DNA.
Mapping Insertions and Deletions in the flaY/E/F/G Region of the C. crescentus Chromosome by Using the pMP7 Clone. The approximate locations of the Tn5 elements in the mutants SC1062, SC1133, and SC1121 were deduced by comparing the mobility of mutant restriction fragments to the mobility of wild-type fragments in 1% agarose gels. The map locations of these insertion mutations are shown in Fig. 2A .
TheflaE mutants SC520 and SC512 and theflaE,F mutant SC507 were shown to contain deletions, and these deletions were mapped by the following analysis. Southern blots of EcoRI-digested mutant chromosomal DNAs were probed with pMP7 (Fig. 1C) Fig. 2A .
Based on the results of this study, the approximate physical boundaries of the genetic unit defined as fiaE can be ascertained. The flaE gene must have one end to the right of the SC1121::Tn5 insertion; the other end must be between the right end of the SC520 deletion and the right EcoRI site, because deletions overlapping this restriction site overlap theflaF locus (Fig. 2C) to the left of and including the SC1062 insertion synthesized both flagellins but were unable to assemble the monomers into aflagellum. All ofthese mutants except SC514 showed a marked decrease in the fraction of total labeled protein present in flagellin immunoprecipitates relative to wild-type. Among this group ofmutants, extracts of SC512 contained an additional immunoreactive species of Mr 12, 000 (Fig. 2B) . The mutant SC507, which contained an extensive deletion extending into the right end of the cluster, failed to produce the Mr The clone pMP7 hybridized to a transcript of 1,150 nucleotides both in C. crescentus CB13 and CB15, although the minor transcripts were not detected in this experiment (Fig. 3B) . In order to determine if the clonedflaE region from C. crescentus CB13 contained coding regions, we examined the ability of Caulobacter RNA polymerase holoenzyme to form heparinresistant complexes with the pA8 clone and its derivative BamHI/EcoRI fragments. A restriction map of pA8 and the location of its subelones are shown in Fig. 4A . RNA polymerase bound to both the 5.2-and 3.4-kb BamHI/EcoRI restriction fragments of pA8 (Fig. 4B) Heparin-resistant complexes between Caulobacter RNA polymerase and specific regions of pA8. RNA polymerase binding was carried out as described by Reznikoff (20) . BamHI andEcoRI restriction fragments of pA8 DNA were mixed with C. crescentus RNA polymerase (3.0 ug) (enzyme/DNA molar ratio, 1:66). The enzyme was prepared as described (21) . Lanes: 1, pA8 restriction fragments without RNA polymerase; 2, with RNA polymerase. (Sizes are shown in kb.) (C) RNA transcripts from pA8 and subclones pS1, pS6, and pS7. pBR325 (1.0 ,g) and pA8 and its subclones (2.0 ,ug), digested with BamHI and EcoRI, were transcribed with Caulobacter RNA polymerase (1.2 ,ug) and [a-32P]CTP (1,000-3,000 cpm/pmol) for 15 min at 37°C as described (22) . Heparin (5 ,g ) was added to stop reinitiation, and incubation was continued for 15 min before DNase I (2.5 ,ug) was added for 10 min. Then, 25,000 cpm from each reaction was added to each lane of a 1.75% polyacrylamide/0.5% agarose/0.1% NaDodSO4 slab gel. Lanes: 1, transcripts from pBR325; 2, from pA8; 3, from pS1; 4, from pS6; 5, from pS7. Caulobacter-specific transcripts from pA8 and its subclones are indicated (sizes in number of nucleotides).
polymerase and hybridized to in vivo transcripts predicts that subclones of the gene cluster ought to direct the synthesis of specific RNA transcripts. When BamHI/EcoBl-digested pBR325 and pA8 plasmids were used as templates to direct in vitro RNA synthesis, three C. crescentus transcripts were detected by gel electrophoresis (Fig.. 4C) (7), we believe it to be generally useful not only in cloning other flagellar genes but also in isolating virtually any gene with an identifiable nonlethal mutant phenotype.
TheflaE CB13 clone pA8 was shown to contain at least three promotors and to encode three in vitro and in vivo transcripts. The cloned region thus appears to contain a gene cluster.
TheflaE: :Tn5 clone pMP7 was used to define the extent and the location of several insertion and deletion mutations mapping within and adjacent to the gene cluster. The location of these mutations was then correlated with the species and relative amounts of the flagellins produced by the mutant strains. From left to right within this region, a gradient of effects is exerted on flagellin expression by particular mutations. Mutations that map farthest to the left allowed the synthesis of both Caulobacter flagellins, flagellin A and flagellin B, although in decreased amounts, consistent with a defect in a regulatory region or gene at this end of the cluster. Mutants with deletions extending into the right end of the cluster lacked flagellin B but contained both flagellin A and a Mr 22,000 immunoreactive species, consistent with the interruption of a flagellin structural gene. Because the Caulobacter flagellins are immunologically crossreactive and portions of their sequences are almost identical (2, 3, 23) , their DNA gene sequences should be homologous. We have observed that the rightmost subelones of pMP7 and pA8 hybridize to two additional fragments in chromosomal DNA. It is possible that these homologies reflect the presence of flagellin gene sequences.
Finally, mutants carrying deletions extending farthest to the right produced neither flagellin B nor flagellin A, although Mr 22,000 and possibly 12,000 crossreacting material was detected. The Mr 22,000 and 12,000 flagellin immunoreactive species can be explained in at least two ways. (i) The synthesis of an altered or truncated flagellin, or the absence ofa flagellin, may prevent the proper assembly of the filament. This in turn could lead to the degradation of remaining flagellin, as has been shown to be the case (24, 25) . (ii) Alternatively, a mutation in the "regulatory region" may have an effect on assembly or modification such that degradation occurs.
By isolating the flaE gene and adjacent sequences we have proven that the Tn5 selection technique is suitable for obtaining an extensive collection of flagellar genes as well as other Caulobacter genes for future studies, obtained evidence that the C. crescentusflaY/E/F/G chromosomal region contains a regulatory region and may contain a portion of a flagellin structural gene, found a correlation between the genetic and physical maps of the Caulobacter genome, and obtained a DNA clone within a developmentally interesting locus, thus enabling us to walk to adjacent chromosomal regions.
The strict temporal and spatial regulation of flagellum synthesis and assembly in Caulobacter raises the question of whether the chromosomal location of specific genes can influence their expression. Osley and Newton (26) proposed that the replication of the C. crescentus chromosome may act as an intracellular "clock" which controls the precise time at which certain developmentally important proteins are synthesized. For example, flagellin protein synthesis is dependent on a specific DNA execution point which occurs at about the time that 65% of the chromosome has been replicated (27) . Furthermore, it has been proposed (16) that the location of a given flagellar gene on the chromosome with respect to its physical relationship with the cell membrane may serve to direct the cellular location of the flagellar proteins synthesized from newly transcribed genes. If the mechanism by which chromosome replication controls differential gene expression is related to the location of those genes within the Caulobacter genome, then changing their chromosomal location or cloning them onto an independent replicon such as RP4 (28) could influence the timing of their expression and the spatial distribution ofthe flagellar components in the cell. By using the flagellar clones described in this paper, RP4 derivatives can be constructed in vitro and mobilized into the deletion strains we have already characterized. In this manner, the validity of these hypotheses can be tested.
